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Abstract:

The demand for humidity sensors has increased significantly due to their essential role in
environmental monitoring and industrial process control. Precise humidity regulation is critical in
applications such as climate control systems, household appliances, video recording equipment,
storage facilities, paper manufacturing, food processing, tobacco handling, textile industries, and
moisture-sensitive integrated circuit (IC) packaging. In the semiconductor industry, particularly
during advanced wafer fabrication, continuous monitoring of moisture levels is indispensable to
ensure device reliability and performance. In addition, humidity sensors are widely used in
domestic environments for intelligent building management, automated microwave cooking

systems, and smart laundry control, as well as in various medical and industrial applications.

The main objective of the present study is to develop a humidity sensor based on
nanostructured ZnO using the AC impedance technique. Three different ZnO nanomaterials were
investigated: (i) a sputtered ZnO thin film with a thickness of approximately 100 nm, (ii) a
commercially available ZnO powder with particle sizes below 100 nm, and (iii) an annealed form
of the commercial ZnO powder. A detailed characterization of the samples was carried out
employing X-ray diffraction (XRD), atomic force microscopy (AFM), UV—visible spectroscopy,
Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, and photoluminescence

(PL) spectroscopy to assess their structural, morphological, and optical features.
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1. Introduction:

Humidity refers to the amount of water vapor present in air or in a gas medium, whether it is a
gas mixture such as air or a pure gas such as nitrogen or argon. Measurement of humidity is
essential for determining the moisture content in these gaseous environments. In recent times,
humidity has become a critical parameter in various industrial and agricultural processes, in
the conservation of artworks and cultural heritage, and in many aspects of daily life. Since
humidity is a constant environmental factor, its monitoring and regulation are vital not only for
human comfort but also for the proper functioning of numerous industrial systems and

technologies [1].

In the automotive sector, humidity sensors are employed in applications such as rear-
window defogging systems and engine assembly lines. In the medical field, they are widely
used in respiratory devices, sterilization systems, incubators, pharmaceutical manufacturing,
and the handling of biological products. In agriculture, humidity sensors support greenhouse
climate control, crop protection (including dew prevention), soil moisture assessment, and
grain storage. Across general industrial applications, they play an important role in humidity
regulation for chemical gas purification, drying systems, ovens, film drying processes, paper
and textile manufacturing, and food processing operations. Applications in each field require

different operating conditions.

Humidity sensors are divided into two main types viz. relative humidity sensors and
absolute humidity sensors. Based on working principle or sensing element, humidity sensors can
also be classified into two types i.e., resistive or capacitive type. In resistive type sensors, the DC
resistance of the sensor varies with respect to the relative humidity level whereas in capacitive

type sensor, the impedance of the sensor film changes with respect to the humidity level [2, 3].
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2. Experimental details:

2.1 Chemicals:

Metallic zinc of 99.99 % purity with 50.8 mm diameter (Kurt J. Lesker Company, USA) was used
as the solid target. Commercial zinc oxide nanopowder was purchased from ALDRICH chemicals
for making the pellet. Analytical grade acetone (Merck), ethanol (S. D’s), hydrochloric acid,
sodium chloride, calcium chloride (all Qualigens), calcium nitrate, cupric chloride, potassium
chloride (S. D’s), and potassium acetate (CDH), potassium sulfate (Nice chemicals) and
magnesium chloride (Fischer) were used. A microscopic glass slide with thickness of 1.35 mm
was used as the substrate. Silicon substrate was procured from Chemplast Sanmar, India.
Conductive silver paste was purchased from CH Instruments, USA. Double-distilled water was
used to prepare the saturated salt solutions.

2.2 Preparation of ZnO samples:

A ZnO thin film with a thickness of 100 nm was deposited onto an etched glass substrate
using the sputtering technique. High-purity argon served as the sputtering gas, while oxygen was
introduced as the reactive gas. An argon—oxygen gas mixture in a 1:1 ratio was supplied at a total
flow rate of 10 sccm, controlled by mass flow controllers. Prior to deposition, the chamber was
evacuated to a base pressure of 8 x 10% mbar, and the working pressure during sputtering was
maintained at 1 x 10 mbar. The target-to-substrate distance was fixed at 10 cm. A discharge
current of 0.18 A was applied, corresponding to a discharge voltage of 375 V. During deposition,

the substrate temperature was held at 300 °C to enhance the crystallinity of the film.

Its deposition was stopped when the thickness value in the digital thickness monitor
attained 100 nm. The 100 nm ZnO film will be designated henceforth as Sample 1 respectively.
About 200 mg of commercial ZnO nanopowder was used to make a pellet of diameter 1.2 cm
which is designated as Sample 2. Sample 3 corresponds to a pellet made from an annealed

commercial sample. annealing temperature was maintained at 300°C for 3 h. The sputtered film
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and commercial powder samples (Table 1) were characterized for their structural, morphological,
and optical properties and the results are presented below.

Table I: SAMPLE NOMENCLATURE
Sample Name Sampling details

Sample 1 100nm thickness of ZnO film
Sample 2 Commercial ZnO powder
Sample 3 Commercial ZnO powder annealed at 300°C for 3h

2.3 Humidity sensor fabrication:

A custom-built glass chamber equipped with a sensor holder was employed to maintain
controlled relative humidity (%RH) conditions. Specific %RH environments of 23, 32, 51, 67, 75,
84, and 97 at 30 °C were achieved using saturated aqueous solutions of potassium acetate,
magnesium chloride, calcium nitrate, copper chloride, sodium chloride, potassium chloride, and
potassium sulfate, respectively [4]. Prior to impedance measurements, each saturated salt solution
was allowed to equilibrate inside the chamber for 24 h. A low-humidity condition of 6.3% RH was
produced using anhydrous calcium chloride flakes [5], which was used to stabilize the sensor

response before recording impedance data at each humidity level.

3. Results and Discussion:

3.1 X-ray diffraction:

In Fig 1, the XRD spectra for the commercial ZnO powder (Sample 2) and the annealed ZnO
powder samples (Sample 3). For Samples 2 and 3, the XRD spectra (Fig. 1 (a) & (b)) show eleven
diffraction peaks assigned to the lattice planes (100), (002), (101), (102), (110), (103), (200), (112),
(201), (004) and (202) equivalent to the peak positions indicated in Table 2 & 3. The calculated
lattice constants (d) and grain size are also shown. The d values of Samples 2 and 3 obtained from
the observed XRD pattern (Tables 2 & 3) and the standard d values for ZnO (JCPDS File no: 36-
1451) are compared. The experimental values are in decent arrangement through the standard d
values. The following significant observations can be made with regard to the XRD data: (a) The

estimated lattice constants of the ZnO Samples 2 and 3 compare well with the standard values. (b)
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The ZnO powder sample (both unannealed and annealed) is highly polycrystalline. (c) The
average grain size as calculated using the Debye-Scherer formula is about 44.8 nm for Sample 2
and 41.6 nm for Sample 3. (d) The XRD spectrum of Sample 3 is qualitatively analogous to that
of Sample 2 representing that the commercial sample is of high purity. However, some
modifications can also be observed between the two samples' XRD spectrum. (e) For example, the
crystal orientation is changed on annealing in that while (100) is the most prominent peak in
Sample 2, it is (101) for Sample 3. Further, annealing has a notable influence on the FWHM values
especially for the peaks with larger 2theta values. As seen from Table 3 for Sample 3, the
diffraction peak with hkl index (202) for which the FWHM is considerably decreased, the
crystallite size is increased to almost twice the value obtained for that of the same lattice plane in
the unannealed sample. The relative intensity values of the (202) peak is 2.26 % and 3.6 % for the
unannealed and annealed samples respectively. This helps to infer that the crystallinity of the
material is slightly better in the annealed sample [3-6]. The XRD findings closely correspond to
the JCPDS File no: 36-1451.

3500
(ﬂ) - 3000 ( ) T
3000 S b 2
=
2500
2500
" ) =)
= 4 =
2 2000 - s - T c
- N i ~
g o > PN
1500 - ) " £ 1500 s
g 5 g s .
E & < &= z T2 =
1000 4 ° S - r ~ 1000 4 ] < . B
- S = ) -
< e a T e
4 o s -
500 °l8s o 500 S P
L S (<) "o ©
0 T T T T T 0 ; .,

4 7 T T T T
2 30 0 50 60 0 8o 20 30 40 50 60 70 80

26 (degree) 26(degree)

Fig.1 XRD spectra of (a) unannealed commercial ZnO
powder and (b) ZnO powder annealed at 300°C for 3 h.

Table II: Lattice parameter and grain size for Sample 2

Position FWHM  dspacing (A) (hkl) Estimated lattice constants (A) Grain size (nm)

(20) (20)

31.85 0.18 2.80 100
3450  0.16 2.59 002
36.33 0.19 2.47 101
47.61 0.20 1.90 102
56.66  0.19 1.62 110
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62.92 0.18 1.47 103 a=3.24 44.88
66.44 0.19 1.40 200 c=5.20

68.01 0.18 1.37 112

69.14 0.19 1.35 201

72.63 0.40 1.30 004

77.01 0.47 1.23 202

TABLE III. Lattice parameter and grain size for Sample 3

Position FWHM  dspacing (A) (hkl) Estimated lattice constants (A) Grain size (nm)

(20) (29)

31.72 0.19 2.81 100

34.37 0.17 2.60 002

36.21 0.20 2.47 101

47.49 0.20 1.91 102 a=3.25
56.55 0.20 1.62 110 ¢=5.20 41.65
62.82 0.23 1.47 103

66.34 0.26 1.40 200

67.90 0.22 1.37 112

69.04 0.23 1.35 201

72.52 0.58 1.30 004

76.92 0.19 1.23 202

3.2 Atomic force microscopy (AFM):

Figs 2 - 4 shows the 2-D, 3-D and roughness profiles for the Samples 1 to 3 respectively.
The cluster size and the roughness results are shown in the Table 4. The AFM images for Samples
2 (Fig. 3) and 3 (Fig. 4) were obtained by casting the ZnO dispersion on a clean glass plate. The
ZnO dispersion was prepared by sonicating ZnO powder in double-distilled water for 1 hour. The
AFM of Sample 2 shows spherical nanoparticles with an average cluster size of 40 nm, whereas
for Sample 3, the image shows somewhat large spherical particles of size 113 nm due to the
annealing effect. The 3-D images of both Sample 2 and Sample 3 suggest a porous morphology.

The roughness of Sample 3 is lesser than that of Sample 2.
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Among the three samples, Sample 2 (commercial powder) shows the smallest particle size
and maximum surface roughness among the three samples. For gas sensor application, the high
surface roughness will provide a high surface-to-volume ratio thereby enhancing the chemical

active area of the film [6].

TABLE IV. Particle size and roughness measurement from AFM

“Sample Particle size (nm) Roughness (nm)
1 165 2.61

2 40 3.2

3 113 1.7
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Fig. 2 AFM image of sample 1 a) 2-D image b) 3-D image c) roughness plot
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Fig. 3 AFM image of sample 2 a) 2-D image b) 3-D image c) roughness plot
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Fig. 4 AFM image of sample 3 a) 2-D image b) 3-D image c¢) roughness plot

3.3 Absorption spectral data:

Fig.5 shows a absorption spectra for the three ZnO Samples. For sample 1 also, the
spectrum shows a broad absorption peak but at a higher wavelength value of about 362 nm. This
is perhaps attributable to the larger grain size in Sample 1. However, these values are significantly
lower compared to the reported value of 380 nm for the bulk ZnO sample [7]. The remarkable blue
shift of the absorption maximum is suggestive of a great reduction of its size for the ZnO particles
presence in its sputtered films. The bandgap value of Sample 1 has been estimated to be 3.26 eV
by the extrapolation of the linear portion of (ahv)2 vs (eV) plot to a = 0 as exposed in the insert of
Figs. 5 (a) and (b) where a is the absorption coefficient obtained from Eq. 1 [8].

a=2.303 A/d (1)
in which A is the absorbance and d is the thickness of the film. The observation of a reduced band
gap in the sputtered ZnO film relative to bulk ZnO (3.37 eV) is somewhat unexpected, particularly
in view of the smaller grain size of the deposited film. Nevertheless, similar red shifts in the band
gap of nanostructured ZnO have been reported in the literature and are commonly associated with

the presence of intrinsic defects, including zinc interstitials and oxygen vacancies [9-11].

PAGE NO: 495



Intensity (a.u)

LIBERTE JOURNAL (ISSN:0024-2020) VOLUME 14 ISSUE 1 2026

Fig.5 (b) shows the absorption spectra of Sample 2 and Sample 3. The spectra of the two
powder samples (commercial sample and its annealed form) have the same absorption maximum

of 376 nm. The results indicate that annealing does not affect the band gap values.
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Fig. 5 UV- Visible spectrum. Inset shows the plot for the determination of band gap. (a)
100 nm ZnO film (b) a - unannealed and b — annealed ZnO powder

3.4 Fourier-transform infrared spectroscopy (FTIR):

FTIR spectroscopy confirmed the existence of ZnO in the sample. The film samples were sputter-
deposited on a silicon substrate for this purpose [12]. The powder samples are hard-pressed into
a pellet with KBr. Figure 6 presents the FTIR spectra of the three ZnO samples. In all cases, a
strong absorption band appears near 410 cm™!, which is attributed to the Zn—O stretching vibration
[13—14]. The lack of additional characteristic peaks in the spectra indicates the high purity of the

samples.
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Fig. 6 FTIR spectrum a) 100 nm ZnO film b) (i) unannealed ZnO (ii) annealed ZnO

3.5 Raman spectroscopy:

The ZnO crystal’s vibrational characteristics can be investigated by using Raman spectroscopy. In
the space group C6v4, ZnO exhibits semiconducting behavior and possesses a wurtzite crystal
lattice. Each primitive cell has two formula units, and all of the atoms are located in C3v sites [15,

16]. Group theoretical considerations predict the occurrence of the following modes:
Fopt = Al + ZB]_ + ZEZ (2)

Both A: and E1 modes are polar in nature and are split into longitudinal optical (A:(LO), E:«(LO))
and transverse optical (A:(TO), Ei(TO)) components. In contrast, the nonpolar phonon modes with
Ez> symmetry comprise two distinct vibrations at low and high frequencies, denoted as E2(Low)
and Ez(High), which originate from oscillations of the Zn sublattice and oxygen atoms,
respectively. The B: modes are generally Raman inactive. All of these phonon modes are well
established in the Raman spectra of bulk ZnO [17]. For bulk ZnO, the Raman-active phonon modes
are observed at approximately 102 cm™ (Ez(Low)), 379 cm™ (A1(TO)), 410 cm™* (E«(TO)), 439

cm! (E2(High)), 574 cm™ (A1(LO)), and 591 cm™ (E«(LO)). In ZnO nanostructures, both polar
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and nonpolar optical phonon modes have been reported to exhibit a red shift relative to the bulk

values [18].

Fig. 7 displays the Raman spectra for Samples 1 to 3. The values of the
experimental Raman frequencies are noted in Table 5 including the reported values for bulk ZnO.
In the case of Samples 1, 303 cm™' Al (TO), 434 cm™ E2 (High) and 571 cm! Al (LO) are
observed among which the prominent A1 (TO) mode is substantially red shifted from 379 cm! for
bulk sample in alignment with the nanostructured form of the sample. Some 2nd order peaks have
been displayed at about 943-983 cm! [19].

The Raman spectra of the unannealed and annealed samples are largely similar
confirming again the good sample purity and also there is no major structural change during
annealing. However, they are different from the Raman spectra of the film sample (Sample 1) in
that the most intense peak is the sharp 434 cm-1 E2(High) mode. The Raman frequency at 330
cm’!' (A1(TO)) is somewhat increased and that is noted for Sample 1 but is red-shifted compared
to the reported value for bulk ZnO due to the smaller grain size. Further, the broad band observed

between 1060 and 1200 cm™ can be attributed to multiphonon processes [20, 21].
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Fig. 7 Raman spectrum a) 100 nm ZnO film b) (i) annnealed (ii) unannealed ZnO
powders
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3.6 Photoluminescence (PL) studies:

The photoluminescence spectra corresponding to Samples 1, 2, and 3 are shown in Fig. 8. All the
three samples show two characteristic peaks whose Imax values are indicated in Table 5. The peak
in the UV region (351-382 nm) is ascribed to a near-band-edge emission that arises from the
recombination of free excitons, whereas the broad emission observed in the green region (400—
543 nm) is associated with deep-level transitions originating from structural defects such as
interstitials and oxygen vacancies. The PL spectra of the three samples show notable differences.
The PL spectrum of Sample 1 shows only a shoulder peak at 361 nm and also the green peak is
blue shifted considerably to 400 nm with a reduced broadness. It is therefore inferred that Sample
1 has small structural defects. In the cases of the Samples 2 and 3, the spectra show one sharp
peak at 381 and 382 nm. Further one wide peak in the green region at about 543 and 501 nm
respectively. The presence of the prominent peaks at about 380 nm peak indicates that Samples 2
and 3 are highly crystalline. This observation also agrees very well with the inference from their

XRD data as well.
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Fig. 8 Photoluminescence spectra at an excitation wavelength of 280 nm (a) 100 nm ZnO

film (b) unannealed ZnO and (c¢) annealed ZnO

TABLE V. Emission peak values

“Sample UV emission peak Green emission peak
(nm) (nm)

1 361 400

2 381 543

3 382 501

3.7 Humidity sensing response of Sample 2

Fig. 9 shows the impedance data of Sample 1 (100 nm sputtered film) at various % RH
values. The plots are made in the frequency range between 1 KHz and 1 MHz except for 84 and
97 %RH in which cases, the Nyquist plots could be constructed in the entire frequency range of 1

Hz to 1 MHz. The general behavior have the semicircle which becomes more prominent with
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increasing humidity levels. A second semicircle corresponding to the grain boundary effect is
observed at 84 %RH. A Warburg impedance significant of diffusion can be noted at 97 %RH. An
inductance loop is also observed at high frequency. The asymmetric broadening of the impedance
curves suggests a change in relaxation in Sample 1. A two-order decrease in the relaxation time is
observed when the humidity level is varied between 75 and 84 % RH (Table 6). Also, the
impedance (Z”’max) is somewhat larger for Sample 1, especially at lower humidity levels. This
probably shows a grain growth, grain boundary and electrode interface resistance values as the
film thickness gets increased. The impedance data for Sample 1 suggest that grain effects are more

predominant than grain boundary and electrode effects
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Fig. 9 (a) & (b) Complex impedance spectra of Sample 1 at various humidity levels

TABLE VI. Charge transfer resistance (RCT) and Relaxation time (1) at different
humidity levels for Sample 1
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"% RH RCT (KQ) T (8)
6.3 ; ;
23 ; ;

32 - -

51 - -

67 - -

75 13000 1 x 103

84 89.5 1.26 x 107

97 57 1 x 107
4.

Conclusion:

The main objective of this research work is to develope a nanostructured ZnO based
humidity sensor using AC impedance technique. Three ZnO samples have been evaluated for this
purpose. Samples 1 is the 100 nm thin film prepared by the DC reactive magnetron sputtering
technique. Sample 2 is a pellet made of the commercial ZnO powder and Sample 3 is also made
of the commercial ZnO powder after annealing at 3000C for 3 h. The sputtered film and the
commercial samples have been scientifically characterized through XRD, FTIR, UV-vis and
Raman spectroscopy and photoluminescence measurements. The salient findings of the project are
summarized below:

The XRD data of the Samples 2 and 3 have helped to infer that the ZnO has a wurtzite
crystal structure with estimated lattice constants of a= b= 3.2 A and ¢ = 5.2A. The commercial
sample is more polycrystalline than the ZnO prepared by the DC reactive magnetron sputtering.
Annealing of the commercial ZnO powder has resulted in a slight change of crystal orientation
from (100) to (101) plane. There is a slight increase in crystallinity of the ZnO powder after
annealing. The FT-IR spectra of all the three samples show the characteristic Zn-O stretching band
at 410 cm™!. The estimated ZnO cluster size from the AFM data are 165 nm, 40 nm and 113 nm
for Samples 1 to 3 respectively. The crystal size of Sample 2, and its surface roughness is the

highest among the three samples. The high surface roughness of Sample 2 can provide a high
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surface-to-volume ratio thereby enhancing the active zone of the sample and thus the water vapor
adsorption. Its band gap values of the ZnO sputtered film, Sample 1 is evaluated from the
absorption spectral data as 3.26 eV. The absorption spectral result is highly same as for the
samples 2 and 3 suggesting that the annealing process has not affected the energy band gap. The
Raman spectral data show that the A1 (TO) phonon mode at 303 cm! is more prominent in the
sputtered film sample while the E2(High) mode at 434 is more prominent in the commercial
powder sample.

Photoluminescence spectral data have given valuable information on the defect levels in the three
samples. A higher concentration of structural defects, including interstitials and oxygen vacancies,
is expected to enhance the interaction between adsorbed water molecules and the surface of the
samplel. It is interesting that Sample 1 shows a good response only at humidity levels greater than

67 %.
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